This study applied a novel two-stage soil infiltration treatment (SIT) for reaching effective nitrogen removal from high-strength and low COD/TN ratio wastewaters. The 
Introduction
High-strength ammonium nitrogen (NH 4 + -N) wastewaters are produced by coking This study aims at testing the feasibility of achieving separated nitrification and denitrification stage in a novel two-stage SIT process to treat high-strength and low COD/TN wastewaters. The stage 1 SIT was used for nitrification, COD degradation and TP immobilization. The stage 2 SIT was applied for denitrification with different proportions of raw wastewater supplemented as additional carbon source. The practical limitations and effects of influencing operational parameters on the two-stage SIT performance were revealed.
Materials and methods

Two-stage SIT testers and wastewaters
The SIT testers comprised of soil column A for stage 1 and columns B1-B4 for stage 2 ( Fig. S1 in Supplementary Materials). The SIT soil columns were made of polyvinyl chloride with total height of 110 cm and internal diameter of 15.3 cm. The yellow brown soil sampled from the farmland in Baimi Village, Kunshan County, Jiangsu Province, China was mixed thoroughly with predetermined fly ash and rice hulls (soil:fly ash:rice hull =7:2:1 by volume), and then packed into all columns. Table   S1 in Supplementary Materials lists the physicochemical properties of packing soils.
The packing layers were 80 cm high with 5 cm of gravel layer underneath and 2 cm of sand layer above. The soils in B1-B4 were repacked to reach dense packing (lower hydraulic conductivities as in Table S1 ) so air intrusion was low that benefited occurrence of denitrification reactions. 
Experimental conditions
Since the hydraulic conductivities of column A and columns B1-B4 were different ( At the start of the test, the SIT columns were fed with synthetic wastewater for about 7 months (Experiment I). Afterwards the feed was stopped for about one month and then shifted to diluted real wastewater at different mix ratios for about 4 months 
Sampling and determination
Influent and effluent samples were collected and stored at 4 
Data analysis
In order to identify the dominant processes occurred in the two stages, nitrification and denitrification efficiencies in this study were estimated according to Equations (1) and (2), respectively.
where [NH One-way analysis of variance (ANOVA) and F-test were performed to determine whether there was significant difference among the performances of the four soil columns at stage 2 or the two wastewater conditions. Significance was assumed if the p<0.05.
Results and discussion
COD removal and TP immobilization
In Experiment I (synthetic wastewater as influent), the stage 1 SIT (column A) 
TN removal
The stage 1 column (A) removed limited quantities of TN (averagely 32.0% in Experiment I and 34.8% in Experiment II), a consequence of the applied high HLR and high organic loading rates (Fig. 1) (Fig. 2) .
B4 had the lowest reduction in TN removal loading, suggesting that high COD/TN ratio correlated with stable operation in stage 2 of the tested SITs. (Figs. 2 and S2) .
Inorganic nitrogen
Separated nitrification and denitrification in two-stage SIT systems
Biological nitrification/denitrification is regarded as the principal mechanism for nitrogen removal in SIT systems (Zhang et al., 2005) . Based on Equations (1) and (2), the average nitrification and denitrification efficiencies suggested a "balanced" nitrification and denitrification in the present two-stage SIT systems in Experiment I ( Table 1) , with nitrification process dominated the stage 1 (column A) and denitrification process did the stage 2 (column B).
Specifically, the stage 1 performed stably with average nitrification efficiencies at 67.1-74.4% and denitrification efficiencies at 25.2-26.4%. Conversely, the efficiencies of the stage 2 were far less stable over time ( Table 1 and Fig. 2) .
Effects of influent COD/TN and temperature on TN removal
Carbon and nitrogen sources and temperature affect biological denitrification (Fig. 3) .
Therefore, the supplementary carbon source (from raw wastewater) to stage 2 is effective to enhance denitrification in stage 2.
The correlation coefficients between temperature and TN removal ranged 0.802-0.860 for B1-B4 (p<0.05), implying that the temperature drop from 21 to 4 o C may deteriorate denitrification performance in stage 2 ( Figs. 1 and 2 ). Low temperature was noted to have less impact on nitrification than on denitrification in SIT. Thus the decrease in denitrification efficiencies for stage 2 columns may be contributed by the drop of temperature during the tests, which probably resulted in unbalanced nitrification and denitrification in the two-stage SIT.
Changes in soil properties in the two-stage SIT systems
In stage 1, soil organic matter (OM) and TN contents increased with testing time, with difference noted among the four columns B ( (Fig. 3) .
This finding correlates with that of Grischek et al. (1998) who treated river water using a sand and gravel aquifer.
Alkalinity, required in nitrification and produced in denitrification, could be maintained relatively stable during a balanced nitrification and denitrification process.
The soil pH in stage 1 decreased from initial 7.14 to 6.94 in Experiment I and then further to 6.42 after Experiment II. This pH decrease was attributable to the effective nitrification and inhibited denitrification in column A. The average soil pH in the stage 2 increased significantly after Experiment I (pH 7.98-8.05, Fig. S3 ) due to effective denitrification.
Conclusions
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